We investigated electronic structure of 5d transition-metal oxide Sr 2 IrO 4 using angle-resolved photoemission, optical conductivity, and x-ray absorption measurements and first-principles band calculations. The system was found to be well described by novel effective total angular momentum J eff states, in which relativistic spin-orbit (SO) coupling is fully taken into account under a large crystal field. Despite of delocalized Ir 5d states, the J eff -states form so narrow bands that even a small correlation energy leads to the J eff = 1/2 Mott ground state with unique electronic and magnetic behaviors, suggesting a new class of the J eff quantum spin driven correlated-electron phenomena.
Mott physics based on the Hubbard Hamiltonian, which is at the root of various noble physical phenomena such as metal-insulator transitions, magnetic spin orders, high T C superconductivity, colossal magneto-resistance, and quantum criticality, has been adopted to explain electrical and magnetic properties of various materials in the last several decades [1, 2, 3, 4, 5, 6] . Great success has been achieved especially in 3d transition-metal oxides (TMOs), in which the 3d states are well localized to yield strongly correlated narrow bands with a large on-site Coulomb repulsion U and a small band width W . As predicted, most stoichiometric 3d TMOs are antiferromagnetic Mott insulators [5] . On the other hand, 4d
and 5d TMOs were considered as weakly-correlated wide band systems since U is largely reduced due to delocalized 4d and 5d states [7] . Anomalous insulating behaviors were recently reported in some 4d and 5d TMOs [8, 9, 10, 11, 12] , and the importance of correlation effects was recognized in 4d TMOs such as Ca 2 RuO 4 and Y 2 Ru 2 O 7 , which were interpreted as Mott insulators near the border line of the Mott criteria, i.e. U ∼ W [8, 9] . However, as 5d states are spatially more extended and U is expected to be further reduced, insulating behaviors in 5d TMOs such as Sr 2 IrO 4 and Cd 2 Os 2 O 7 have been puzzling [10, 11] .
Sr 2 IrO 4 crystallizes in the K 2 NiF 4 layered structure as La 2 CuO 4 and its 4d counterpart Sr 2 RhO 4 [10, 15] . Considering its odd number of electrons per unit formula (5d 5 ), one expects a metallic state in a naïve band picture. Indeed Sr 2 RhO 4 (4d 5 ) is a normal metal.
Its Fermi surface (FS) measured by the angle resolved photoemission spectroscopy (ARPES) agrees well with the first-principles band calculation results [16, 17] . Since both d 5 systems have identical atomic arrangements with nearly the same lattice constants and bond angles [10, 15] , one expects almost the same FS topology. Sr 2 IrO 4 , however, is unexpectedly an insulator with weak ferromagnetism [10] . At this point, it is natural to consider the spinorbit (SO) coupling as a candidate responsible for the insulating nature since its energy is much larger than that in 3d and 4d systems. Recent band calculations showed that the electronic states near E F can be modified considerably by the SO coupling in 5d systems, and suggest a new possibility of the Mott instability [18] . It indicates that the correlation effects can be important even in 5d TMOs when combined with strong SO coupling.
In this Letter, we show formation of new quantum state bands with effective total angular momentum J eff in 5d electron systems under a large crystal field, in which the SO coupling is fully taken into account, and also report for the first time manifestation of a novel J eff = 1/2 Single crystals of Sr 2 IrO 4 were grown by flux method [13] . ARPES spectra were obtained from cleaved surfaces in situ under vacuum of 1x10 −11 Torr at the beamline 7.0.1 of the Advanced Light Source with hν = 85 eV and ∆E = 30 meV. The temperature was maintained at 100 K to avoid charging. The chemical potential µ was referred to E F of a clean Au electrically connected to the samples. The electronic structure calculations were performed by using first-principles density-functional-theory codes with LDA and LDA + U methods [14] . The optical reflectivity R(ω) was measured at 100 K between 5 meV and 30 eV and the optical conductivity σ(ω) was obtained by using Kramers-Kronig (KK) transformation. The validity of KK analysis was checked by independent ellipsometry measurements between 0.6 and 6.4 eV. The XAS spectra were obtained at 80 K under vacuum of 5x10 −10 Torr at the Beamline 2A of the Pohang Light Source with ∆hν = 0.1 eV.
Here we propose a schematic model for emergence of a novel Mott ground state by a large SO coupling energy ζ SO as shown in Fig. 1 . Under the O h site symmetry the 5d
states are split into triplet t 2g and doublet e g orbital states by the crystal field energy 10Dq.
In general, 4d and 5d TMOs have sufficiently large 10Dq to yield t 5 2g low-spin ionic state for Sr 2 IrO 4 , and thus the system with partially filled wide t 2g band would become a metal ( Fig. 1(a) ). An unrealistically large U ≫ W could lead to a typical spin S = 1/2 Mott insulator ( Fig. 1(b) ). However, as U is expected to be even smaller than that in 4d TMOs, a reasonable U cannot lead to an insulating state as seen from the fact that Sr 2 RhO 4 is a normal metal. Now let us take the SO coupling into account. The t 2g states effectively correspond to the orbital angular momentum L = 1 states with ψ m l =±1 = ∓(|zx ±i|yz )/ √ 2 and ψ m l =0 = |xy . In the strong SO coupling limit, the t 2g band splits into effective total angular momentum J eff = 1/2 doublet and J eff = 3/2 quartet bands ( Fig. 1(c) ). Note that the J eff = 1/2 is energetically higher than the J eff = 3/2, seemingly against the Hund's rule, since the J eff = 1/2 branches out from the J 5/2 (5d 5/2 ) manifold due to the large crystal field as depicted in Fig. 1 (e). As a result, with four electrons filling up the J eff = 3/2 band and the remaining one in the J eff = 1/2 band, the system is effectively reduced to a half-filled J eff = 1/2 single band system ( Fig. 1(c) ). The J eff = 1/2 spin-orbit integrated states form a narrow band so that relatively small U opens a Mott gap, making it a J eff = 1/2 Mott insulator ( Fig. 1(d) ). The narrow band width is due to reduced hopping elements of the based on local-density approximation (LDA) as well as LDA + U with and without including the SO coupling presented in Fig. 2 . The LDA result ( Fig. 2(a) ) yields a metal with a wide t 2g band as shown in Fig. 1a , and the Fermi surface (FS) is nearly identical to that of Sr 2 RhO 4 [16, 17] . The FS, composed of one-dimensional yz and zx bands, is represented by hole-like α and β X sheets and an electron-like β M sheet centred at Γ, X, and M points, respectively [16] . As the SO coupling is included ( Fig. 2(b) ), the FS becomes rounded but retains the overall topology. Despite small variations in the FS topology, the the band structure changes remarkablly: Two narrow bands are split off near E F from the rest of the bands due to formation of the J eff = 1/2 and 3/2 bands as shown in Fig. 1(c) . The circular shaped FS reflects the isotropic orbital character of the J eff = 1/2 states.
Such a narrow band near E F suggests that a small U can drive the system to a Mott instability. Indeed, a modest U value opens up a Mott gap and splits the half-filled J eff = 1/2 band into the upper (UHB ) and lower Hubbard bands (LHB ), as presented in Fig. 1(d) .
The full LDA + SO + U results shown in Fig. 2(c) Fig. 3(b) ). As E B increases (Fig. 3(c),(d) ), another band maximum (α) appears at the Γ points. The band maxima can also be ascertained in EDCs (Fig. 3(a) ). The observed electronic structure agrees well with the LDA + SO + U results, reproducing the correct valence band maxima topology (see the left panel of Fig. 2(c) ). Remarkably, the topmost valence band, which represents the J eff = 1/2 LHB, has a very small dispersion (∼ 0.5 eV)
although the 5d states are spatially extended and strongly hybridized with the O 2p states.
The band calculations and ARPES provide solid evidences for the J eff Mott picture. The unusual electronic character of the J eff = 1/2 Mott state is further confirmed in the optical conductivity [19] and the O 1s polarization dependent XAS. The optical conductivity in Fig.   4 (a), which shows an ∼ 0.1 eV insulating gap in good agreement with the observed resistivity with an activation energy of 70 meV [20] , displays an uncommon double-peak feature with a sharp peak A around 0.5 eV and a rather broad peak B around 1 eV. Considering the delocalized 5d states, it is rather unusual to have such a sharp peak A whose width is much smaller than that of the peaks in 3d TMOs. However, this feature is a natural consequence of the J eff -manifold Hubbard model as depicted in Fig. 1(d) . The transitions within the J eff = 1/2 manifold, from LHB to UHB, and from J eff = 3/2 to the J eff = 1/2 UHB results in the sharp peak A and a rather broad peak B, respectively. A direct evidence of the J eff = 1/2 state comes from the XAS which enables one to characterize the orbital components by virtue of the strict selection rules [21] . The results in Fig. 4(b) show an orbital ratio xy : yz : zx = 1 : 1 : 1 within an estimation error (< 10 %) for the unoccupied t 2g state. In the ionic limit,
where σ denotes the spin state. In the lattice, the inter-site hopping, the tetragonal and rotational lattice distortions, and residual interactions with e g manifold could contribute to off-diagonal mixing between the ionic J eff states. However, the mixing seems to be minimal and the observed isotropic orbital ratio, which is also predicted in the LDA + SO + U,
validates the J eff = 1/2 state.
The J eff = 1/2 Mott state contributes to unusual magnetic behaviors. The total magnetic moment is dominated by the orbital moment. In the ionic limit, the spin state of the by the crystal field, the same reason for the violation of the Hund's rule ( Fig. 1(e) ). This aspect differentiates 5d TMOs from 3d TMOs described by spin-only moments and also from rare-earth compounds with atomic-like J states.
The LDA + SO + U predicts that the magnetic ground state has weak ferromagnetism 
